INTRODUCTION
The discovery of protein chaperones is a hallmark in the study of protein folding in vivo. The problems inherent to aggregation-prone nascent polypeptide chains are mostly alleviated by two families of chaperones, Hsp60 and Hsp70, also known as the GroEL and DnaK proteins, respectively, in Escherichia coli (20, 21) . These chaperones stabilize unstable conformers of proteins during folding, translocation through lipid barriers, and assembly (29) . Chaperones such as GroEL contain a large cavity in their structure where they can accommodate loosely defined substrates such as "molten globules." The synergistic action of GroEL and GroES leads to either the release of a fully folded protein or to a structural intermediate that completes folding after release (51, 80) . In some cases, multiple binding and release of a partly folded polypeptide may be required to achieve correct folding (51) . At high temperatures, unfolding is a major problem resulting in a greater need for chaperones to prevent drastic protein aggregation and to promote disaggregation or even proteolysis of damaged proteins. It is quite remarkable that many chaperones and proteases are expressed at a higher level at elevated temperatures and especially following heat shock. Most of them are encoded by heat shock-regulated genes (26, 56) .
The folding of proteins residing in or transiting through the periplasm of gram-negative bacteria is less well understood. The periplasm is much more vulnerable to changes in the external environment, e.g., changes in pH, temperature, and osmolarity. This vulnerability is particularly severe in bacteria with leaky outer membranes. So far, none of the classical molecular chaperones has been identified in the periplasm, probably because ATP, which is crucial for the activity of the Hsp60 and Hsp70 families, is absent. Unlike cytoplasmic proteins, exported proteins tend to contain disulfide bonds which contribute to their stability and, in some cases, are essential for their catalytic activity. This calls for maintenance of the periplasm in a relatively more oxidizing state.
Accessory proteins in the periplasm have been identified as folding catalysts which contribute rather differently from the chaperones to the protein folding reaction. Folding catalysts accelerate only a specific rate-limiting step of the folding reaction. Among them, the protein disulfide isomerases (PDI) perform thiol-disulfide exchanges, which are obligatory reactions during disulfide bond formation or rearrangement. The second type of slow conformational rearrangement, caused by isomerization around the Xaa-Pro peptidyl bond, is catalyzed by the peptidyl prolyl isomerases (PPI). The discovery and activity of the folding enzymes operating in the bacterial periplasm are the topics of this review.
WHY DISULFIDE BONDS AND WHERE? OXIDATION OF TRANSPORTED PROTEINS
Disulfide bonds usually contribute to the stabilization of a folded protein conformation (11) . Thus, reducing such disulfide bonds and breaking the covalent linkage will induce unfolding of the protein, even in a buffer devoid of any sort of denaturant. Proteins exist, such as ␤-lactamase or ␣-lactalbumin, which do not fall apart upon reduction of their disulfide bonds. Even so, disulfide bridges which do not contribute directly to protein stability define a particular conformation of the protein. Introducing the wrong cysteine pairing often leads to an unstable or inactive polypeptide because of a wrong fold.
In vitro, disulfide bond formation is an extremely slow reaction and can take from hours to days. However, such reactions are fast in vivo, where most of the disulfide-bonded proteins are exported proteins. As a rule, their oxidation does not occur in the compartments where they are synthesized. Because polypeptides destined to leave the cytoplasm of bacteria or the cytosol of eukaryotic cells must remain in an extended conformation to be properly translocated, oxidation in such compartments should be avoided. Hence, disulfide bonds are formed in the endoplasmic reticulum (ER) of eukaryotes and in the periplasm of bacteria.
Disulfide formation in the cytosol of eukaryotes is largely prevented by the reduced environment it provides with a ratio of reduced/oxidized glutathione (GSH/GSSG) estimated to be between 30:1 and 100:1 (18) . In the ER, the redox environment is "buffered" due to the high concentration of both reduced and oxidized glutathione. It is of importance that an almost constant ratio of about 3:1 is maintained between these two species (33), although the mechanism by which this ratio is maintained is unknown. Such a situation favors the thermodynamic formation of disulfide bonds trapped in folded or almost folded proteins. About 30 years ago, an activity able to reactivate reduced and denatured RNase A was isolated (24) . Its ability to catalyze the reformation of the correct intramolecular disulfide bonds in scrambled RNase A by using the proper redox buffer (GSH/GSSG) was the reason why such an enzyme was named PDI (78) .
Disulfide bond catalysis is slightly more complicated in the periplasm of gram-negative bacteria than in the ER. The periplasm is separated from the extracellular environment by a porous membrane which allows passive diffusion of small molecules. Variations in the medium composition do not, therefore, favor the existence of a defined redox potential. However, it would be premature to rule out the existence of a redox gradient actively maintained by the cell among the cytoplasm, periplasm, and medium. At least, it seems that in the cytoplasm a reducing balance is established with three glutaredoxin activities (2), as well as the thioredoxin and thioredoxin reductase system (71) .
GENETIC ISOLATION OF dsb AND RELATED GENES
The first hint about a gene(s) encoding PDI-like activities was rather fortuitous. Genetic screens set up to isolate mutants defective in the insertion of proteins into the inner membrane identified a gene designated dsbA (4) . Mutations in dsbA are highly pleiotropic, and the designation dsb, for disulfide bond formation, was given after deducing that the gene encodes a periplasmic thiol:disulfide oxidoreductase (4) . In these studies, the model protein was a hybrid consisting of the membrane protein MalF and ␤-galactosidase (␤-gal). This hybrid protein confers a Lac ϩ phenotype if it remains in the cytoplasm. It turned out that in a dsbA mutant, ␤-gal presumably remained reduced and as a consequence unfolded, allowing the hybrid MalF-␤-gal to slide back into the cytoplasm. Later, the same genetic approach was used to identify a second gene encoding a putative thiol:disulfide oxidoreductase, designated dsbB (3). Hence, deciphering of the function of the dsbA gene opened the door to a rapidly expanding field with respect to protein folding in the periplasm.
The dsbA gene was also identified by two other independent genetic approaches. The first one consisted of looking for mutations leading to decreased alkaline phosphatase (AP) activity. AP is a periplasmic enzyme which contains two disulfide bonds in its folded conformation. Mutations in the dsbA gene were found to block AP activity (37) . The second genetic search was more direct, since it was aimed at isolating thiol: disulfide oxidoreductase activities by looking for mutants which were hypersensitive to dithiothreitol (DTT), a strong reducing agent. Addition of DTT primarily offsets the oxidizing balance of the periplasm, and mutants unable to cope with small variations in redox potential could be obtained. Mutations in the dsbA, dsbB, and trxB genes, among others, were obtained (61) . Finally, this general approach was also used to clone genes which in multicopy confer resistance to sublethal concentrations of DTT. Resistance to high DTT concentrations could be conferred by the dsbB gene (61) . This allowed direct selection for its cloning.
It soon became clear that the pleiotropic phenotype of mutations in either dsbA or dsbB could be attributed to folding defects of various disulfide bond-containing proteins. For instance, dsbA and dsbB mutations were also isolated because they blocked cellular pathways or activities depending solely on the presence of one disulfide bond-containing protein. Hence, dsbB mutants were isolated because they conferred a motility defect on E. coli due to accumulation of the reduced P-ring protein forming the flagellar basal body (14) . This nonmotile phenotype is also observed in bacteria carrying mutations in dsbA (14) . In Vibrio cholerae, biogenesis of the toxin-coregulated colonization pilus was found to require the tcpG gene product, a protein 40% identical to E. coli's DsbA (66) . Mutations in tcpG were independently found to be responsible for the defective production of the enterotoxin B subunit (EtxB), another disulfide bond-containing protein whose toxicity was highly reduced in tcpG mutants (84, 85) . Another DsbA homolog, Por (45% identical to the E. coli DsbA protein), was identified in Haemophilus influenzae because mutations in the Por-encoding gene impaired competence-induced DNA uptake in this bacterium, presumably because this process involves outer membrane proteins (OMPs) with disulfide bonds in their active state (76) . The list is not exhaustive, and there are many other cases in which mutations in dsbA have been found to block the folding of secreted proteins and, in some cases, attenuate the virulence of certain pathogenic bacteria (1, 7, 35, 64, 83) .
IDENTIFICATION OF THIOL:DISULFIDE OXIDOREDUCTASES OTHER THAN DsbA AND DsbB
A search for suppressors able to reverse the DTT sensitivity of dsbA mutants revealed further prokaryotic PDI-like activities, designated DsbC, DsbD, and DsbE (see Fig. 3 ) (58) (59) (60) . These enzymes seem to have either thiol:disulfide isomerase (DsbC) or thiol:disulfide reductase (DsbD and DsbE) activity. Hence, the hypersensitivity to DTT exhibited by dsbA mutants can be alleviated in two ways: either by overexpressing dsbC (60) or by null mutations in either dsbD (59) or dsbE. DsbC was also identified independently in Erwinia chrysanthemi by Shevchik and colleagues (73), who used E. chrysanthemi DNA libraries to complement an E. coli dsbA mutant.
DsbC, like DsbA, is a periplasmic protein. Its multicopy effect on a dsbA mutant suggests some overlap of functions between the two proteins. DsbD is a membrane-bound protein.
Given the context of its isolation, it has been proposed that since DsbA acts as a thiol:disulfide oxidase, DsbD should encode the opposite activity, that of a thiol:disulfide reductase. This assumes that the suppression effect of a dsbD null mutation in dsbA null mutant bacteria occurs by setting a better oxidizing balance in the periplasm. In fact, DsbC accumulates mostly in its oxidized form in such a background and thus may actively substitute for the lack of DsbA (59). DsbD is also referred to as CutA2 (17) or DipZ (13) . The dsbD transcription start site is indeed part of the cutA locus. The cutA locus has been implicated in copper homeostasis, since such mutant bacteria are sensitive to Cu 2ϩ ions (17) . DipZ, or the disulfide isomerase protein-like domain, was discovered because it is involved in the biogenesis of periplasmic c-type cytochromes (13; see below). Similarly, mutations in dsbE were found to partially restore the DTT sensitivity observed with either dsbA or dsbB mutant bacteria (58) . However, a null mutation in dsbE does not confer sensitivity to reduced DTT by itself. On the contrary, dsbE mutant bacteria are sensitive to oxidized DTT. Hence, the suppressing effect of a dsbE null mutation argues that DsbE might act in vivo more like a thiol:disulfide reductase than a thiol:disulfide oxidase. These results are consistent with its biochemical properties (see below).
Dsb PROTEINS BELONG TO THE THIOREDOXIN SUPERFAMILY-THE CHEMISTRY OF THIOL-DISULFIDE EXCHANGE REACTIONS
Unlike PDI, Dsb proteins do not share overall sequence homology with thioredoxins, yet all of these proteins share at least one similar active site, which is Cys-X-X-Cys (Fig. 1) . A first alignment of the predicted secondary structures of DsbA and PDI and the known thioredoxin structure revealed the presence of a common fold (15) . This has been confirmed with the resolution of DsbA's three-dimensional structure. Half of the DsbA protein (21 kDa) is structured as a domain superimposable on the thioredoxin fold (about 10 kDa in mass) with an additional globular domain. The packing between the two domains results in a cleft which was proposed to be the substrate acceptor site (50) . The Cys 30 -Pro-His-Cys 33 motif (Fig.  1) , as in thioredoxins, lies at the end of an ␣-helix (50). Threedimensional structures are not available for PDI and DsbC, although crystals have been obtained for DsbC (72) . Both of these proteins are large enough to contain a thioredoxin fold. In the case of PDI, which contains two Cys-X-X-Cys motifs, nuclear magnetic resonance characterization of the N-terminal thioredoxin-like domain has confirmed its modular structure (39) .
Among Dsbs, the membrane-bound DsbD protein presents an exception in terms of its homology with PDI. DsbD contains a 16-kDa C-terminal domain, highly hydrophilic, facing the periplasm (53, 59 ). This domain is about 40 to 45% identical to the thioredoxin-like domain found in eukaryotic PDIs. There are two Cys-X-X-Cys motifs in the DsbD sequence, but the Cys 403 -Val-Ala-Cys 406 redox site located in the 16-kDa C-terminal domain has been shown to carry the thiol-disulfide exchange reactions essential for protein folding (59) .
The thiol-disulfide exchange reaction has been exhaustively characterized with thioredoxin and glutaredoxin (30) . Between the most N-terminal Cys residue in the active site of thiol: disulfide oxidoreductases and the substrate, a mixed disulfide is formed as an obligatory intermediate. Such an intermediate is rapidly resolved by the second cysteine present in the active site of the catalyst (Fig. 2) . For example, a mixed disulfide with DsbA reacts with an external thiol 10 3 -fold faster than a normal mixed disulfide (81, 88) . The equilibrium constant for the formation of the disulfide active site as measured by interchange with glutathione is 80 M for DsbA (88) and 200 M for DsbC (86) . As a comparison, a 10 M equilibrium constant has been measured for the formation of a disulfide in the active site of thioredoxin (31) and values of up to 10 5 M can be measured for normal stabilizing bonds in folded proteins (12) . Hence, the disulfide bonds in the active sites of DsbA and DsbC are very unstable. DsbA is a much better oxidant than thioredoxin (the standard redox potentials for DsbA, PDI, and thioredoxin are, respectively, 0.089 V [81] , Ϫ0.11 V [28] , and 0.27 V [43] at pH 7 and 30ЊC). Overall, the reduced forms of the DsbA and DsbC proteins (82, 86, 87) are more stable than their oxidized forms. This destabilizing effect determines the redox properties of DsbA and DsbC. Normally, disulfide bonds have stabilizing effects on folded conformations and also on thiol:disulfide reductases like thioredoxin (38) . It has been suggested that the nature of the two amino acids in the activesite sequence of the thioredoxin-like motif (Fig. 1) could be a key determinant of the redox properties of the oxidoreductases. As an example, the Pro-to-His substitution in E. coli's thioredoxin active site (which makes it identical to the activesite sequence of PDI) results in a change of the redox potential value from Ϫ0.27 to Ϫ0.235 V (43) and a better ability to reactivate scrambled RNase A (49) . Similarly, swapping DsbA's motif for the thioredoxin motif results in a DsbA protein with the thiol:disulfide chemistry of thioredoxin (23) . It seems that the role of the two residues within DsbA's Cys , which is critical for the high oxidizing capacity of DsbA (25, 63) .
Comparative analyses of the kinetic properties of the DsbA and DsbC active sites have led to the suggestion that DsbA is more efficient at transferring its disulfide bond to other proteins (88; Fig. 2A ), whereas DsbC, like PDI, is more efficient at catalyzing disulfide rearrangements (86; Fig. 2B ). Like PDI, DsbC is also able to bypass disulfide rearrangements in quasinative species of bovine pancreatic trypsin inhibitor (BPTI) by directly incorporating the missing disulfide, suggesting a possible unfoldase activity. BPTI contains three disulfides in the native state, and their formation reflects the kinetics of folding of the protein. The fact that DsbC, unlike DsbA, is a dimer might be a clue to its more PDI-like behavior, since active monomeric PDI contains two redox-active sites.
BIOLOGICAL ACTIVITY OF THE Dsb PROTEINS
The DsbA and DsbB couple. In vivo evidence suggest that the DsbA and DsbB proteins are part of the same pathway and act in concert to oxidize many transported proteins (Fig. 3) . The first evidence came from the observation that DsbA ac- cumulates mostly in the reduced form in the periplasm of dsbB mutant bacteria, whereas in wild-type bacteria both reduced and oxidized species are present (3, 60) . A model suggesting that DsbB could reoxidize the reduced DsbA protein, thereby recycling an active DsbA thiol:disulfide oxidase, was proposed (3). Because of the thiol:disulfide chemistry, this model implies that a mixed disulfide containing of DsbA and DsbB should be formed via the cysteines of their active sites. Previous experiments had shown that a mixed disulfide could readily be trapped in vivo between glutaredoxin (mutation of Cys-14 to Ser) and glutathione in the cytoplasm, provided that only the reactive, first cysteine of each dithiol motif was present (9) . A mixed disulfide, DsbA-Cys 30 -Cys 104 -DsbB, could be isolated (27, 41) . It was further proved that among the four periplasmic cysteines found to be essential for DsbB activity (36) (40) . Rat PDI secreted in the periplasmic space of E. coli is able to complement several phenotypes exhibited by dsbA mutants (65) . Moreover, it has been shown that disulfide bond formation catalyzed by rat PDI is dependent on the presence of the dsbB gene. This suggests that the reoxidation of the eukaryotic enzyme, which in the ER is dependent on the GSH/GSSG components, proceeds in the periplasm by direct interaction with the bacterial redox proteins (65) .
Thiol:disulfide isomerase and reductase activities in the periplasm: the DsbC, DsbD, and DsbE proteins. DsbC was originally isolated because it could, when expressed from a multicopy plasmid, reverse most of the phenotypic defects caused by the lack of a functional DsbA protein in vivo (such as lack of AP activity or motility) (60, 72) . In vivo, it appears that DsbC functions rather independently from the DsbADsbB system and that unlike DsbA, the DsbC redox-active site is not recycled by the inner membrane DsbB protein (60) . A dsbC null defect more severely impairs the folding of proteins with multiple disulfide bonds, such as AP and penicillin-binding protein 4, in which cases the requirement for an isomerase activity is greater (60) . Similarly, it has quite recently been shown that the folding of mouse urokinase, which contains 12 disulfide bonds, is severely affected in a dsbC null mutant, again arguing the importance of DsbC isomerase activity in vivo (68) . Although folding defects in a dsbC null mutant are not always as dramatic as those in a dsbA null mutant, they are severe enough to trigger the specific E -dependent regulon, which is induced upon misfolding of periplasmic proteins (56, 57, 67) .
Under normal growth conditions, oxidation of proteins does not appear to be a limiting factor in E. coli. The DsbA-DsbB system provides an excellent oxidative potential. For example, dsbB alone on a medium-copy plasmid allows bacteria to cope with lethal concentrations of DTT (61) . However, an imbalance in the ratio between oxidized and reduced forms of both DsbA and DsbC, as observed in bacteria carrying mutations in the dsbD gene, leads to defects in proper disulfide bond formation of transported proteins, particularly those with multiple disulfide bonds, such as human AP (5) or BPTI (19) . Since both DsbA and DsbC accumulate more in the oxidized state in a dsbD mutant (59), it is likely that excessive oxidation of disulfide-containing proteins is mediated by DsbA and DsbC in a random manner. These observations are in agreement with the presumed thiol:disulfide reductase function of DsbD. Based on the available genetic data (59) and preliminary biochemical evidence, it is quite likely that DsbC isomerase activity directly depends on DsbD. Indeed, such an activity implies that the thiol group of Cys 98 in the active site of DsbC is free and accessible (Fig. 1) . DsbD may be responsible for maintaining Cys 98 in its thiolate form. Synergism between DsbC and DsbD is further supported by the fact that a dsbD null mutation suppresses only the phenotypic defects associated with a dsbA or dsbB mutant background and not those of dsbC mutants. Such dsbD null suppressors partly alleviate the lethal growth phenotype of dsbA mutants (but not of dsbC mutant bacteria) which is observed when these mutant cells are grown in the presence of DTT or benzylpenicillin (60) . Consistent with a common DsbC-and DsbD-mediated pathway, some additivity is observed in dsbC dsbD double null mutant bacteria (59) . Finally, the suppression effect of a dsbD null mutation in a dsbA mutant strain is dependent solely on the presence of a wild-type DsbC protein which accumulates in its oxidized form (59, 68) .
Extragenic suppressor analyses of dsbD mutant bacteria have identified yet another dsb gene, designated dsbE. For example, the stress response induced upon accumulation of misfolded proteins in dsbD mutant bacteria (59) is suppressed by overexpressing DsbE. DsbE is a soluble periplasmic protein with a Cys-Pro-Thr-Cys active site (Fig. 1) . As stated earlier, null mutations in dsbE were also independently isolated on the basis of suppression of the DTT-sensitive phenotype of dsbA null mutant bacteria. Biochemical data suggest that both DsbE and DsbD have redox properties closer to those of thioredoxin than either DsbA or DsbC (62) . This explains how multiple copies of dsbE in a dsbD null mutant could correct the otherwise excessive oxidation processes mediated by DsbA and DsbC. The fact that a maturation defect of c-type cytochromes is also observed in dsbE mutant bacteria (62) , as is the case with dsbD (dipZ) mutants (13) , suggests that both proteins are also involved in common cellular processes.
A global model illustrating the proposed roles of the different Dsb proteins is shown in Fig. 3 .
Role of the Dsb proteins in cytochrome biogenesis. The c-type cytochromes are electron transfer proteins found in the respiratory chains of both eukaryotes and prokaryotes. E. coli can synthesize at least five c-type cytochromes, depending on the availability of electron acceptors (34) . It is interesting that some of the genes, like helX in Rhodobacter capsulatus (6) or tlpA in Bradyrhizobium japonicum, whose products are essential for the maturation of c-type cytochromes, belong to the thioredoxin superfamily (47) . In E. coli, the dsbD and dsbA genes have also been shown to be essential for formate-dependent nitrite reductase (Nrf) activity and c-type cytochrome biogenesis (13, 54) . These studies were based on independent searches for null mutations which either lack Nrf activity or exhibit defects in c-type cytochrome biogenesis. It is likely that DsbD maintains the cysteine residues of the apocytochrome in a reduced state to allow proper covalent linkage with the heme. It has recently been shown that DsbB is also required for the synthesis of c-type cytochromes (53) . An important additional finding from these studies has been the observation that unlike dsbA mutants, dsbB mutant bacteria are also defective in periplasmic nitrate reductase activity, indicating an additional role for DsbB in anaerobic electron transport (53) .
MISFOLDING OF EXPORTED PROTEINS: INDUCTION OF THE E REGULON
In the cytoplasm of bacteria, protein misfolding triggers the classical 32 -dependent heat shock response (8, 20) . The transient increase in the level of the 32 polypeptide allows a rapid increase in the transcription of heat shock genes. Some of these genes encode the major chaperones which are essential for coping with the accumulation of heat-denatured proteins. It is clear that folding catalysts and specific chaperones are also present in the periplasmic space. It is less clear whether misfolding, aggregation, or heat denaturation of exported proteins also induces the 32 -dependent heat shock response. In most cases, it may not. For example, altering the solubility of two periplasmic proteins, L-asparaginase II (AnsB) and the maltose carrier protein (MalE), by synthesizing a truncated AnsB* protein or a mutant variant of MalE* which forms inclusion bodies in the periplasm, does not induce the transcription of either lon or groE, two genes transcribed by the E 32 polymerase (57) .
The initial hint regarding a possible response to the accumulation of misfolded protein in the cell envelope, came from various observations. Several pieces of biochemical evidence demonstrated the existence of an additional sigma factor in E. coli, designated either E or 24 . This factor was found to ensure the sustained transcription of the rpoHP3 promoter at elevated temperatures (rpoH encodes the 32 factor [16, 79] ). Initial attempts to isolate the rpoE gene were based on the assumption that multicopy expression of rpoE should lead to increased ␤-gal activity from an rpoHP3-lacZ transcriptional fusion. Quite unexpectedly, this multicopy approach revealed that overexpression of some OMPs and the consequent imbalance in the ratio of OMPs are inducers of the E regulon (52, 69) .
These initial findings were further sustained with the cloning of the rpoE gene encoding E (67, 69) . Interestingly, the sequence of the E polypeptide showed extended homology to a subfamily of sigma factors, designated extracytoplasmic factors, which are devoted to the regulation of extracytoplasmic activities (48) . Closer examination of the stimuli leading to the E -dependent response in E. coli revealed that misfolding or alteration of most transported proteins, whether destined for the outer membrane or the extracellular medium or simply residing in the periplasm, induces the E regulon (56, 57, 67) . Hence, the periplasmic truncated AnsB* protein or the aggregation-prone MalE* protein exclusively induces transcription from the rpoHP3, rpoEP2, or htrA promoters, all of which are recognized by the E E polymerase (57) . Similarly, mutations in any of the dsb genes also trigger a E -dependent response, presumably because they lead to the accumulation of slowfolding species in the periplasm. It is thus pertinent to point out that mutations in any of the dsb genes can be isolated by simply scoring for increased E activity. What is even more important is that the induction of the E -dependent response is even more dramatic if a null mutation in any of the dsb genes is combined with an htrA null mutation (57, 67) . In fact, htrA encodes a periplasmic protease (HtrA-DegP) which has been shown to degrade abnormal polypeptides (45, 74, 75) . The molecular mechanism of signal transduction pathways in response to protein misfolding in E. coli's periplasm has been recently reviewed in more detail (55) .
THE OTHER FOLDING CATALYSTS IN THE PERIPLASM
Besides the Dsb proteins, the periplasm contains other catalysts of folding. At least one PPI, RotA (46), has been identified in the periplasm, although its role in protein folding in vivo is still not known. No noticeable growth or folding defect has been observed in rotA mutant bacteria (42) . As discussed above, accumulation of unfolded proteins in the periplasm or an altered membrane composition leads to constitutive elevated expression of the E regulon. Such an induction is not observed in rotA mutant bacteria (57) .
Pilus subunits (Pap), while transiting through the periplasm, require the presence of two specific extracytoplasmic proteins, PapC and PapD, respectively designated molecular usher and chaperone proteins (32) . PapC and PapD prevent degradation of the various pilus subunits before their assembly at the outer membrane.
A global search for mutations that lead to elevated expression of the E regulon identified again the various dsb genes, as well as new folding catalysts (57) . This search was combined with a second approach which involved screening of multicopy libraries for genes that lead to a decrease in the E -dependent response induced by misfolded proteins or by mutants with leaky membranes (e.g., htrM mutants which produce a defective lipopolysaccharide [LPS] ). These two approaches identified three genes, surA, fkpA, and skp/ompH, whose products play an active role either as folding catalysts or as chaperones in the periplasm (57) . SurA and FkpA have been purified and, consistent with their predicted amino acid sequences, have been shown to be bona fide PPIs (57) . SurA is highly similar to the parvulin family of PPIs and contains two repeats of a parvulin-like domain at its C-terminal end (70) . In contrast, FkpA resembles the classical FK506 binding proteins, a class of highly conserved PPIs. surA had been identified earlier as a gene whose product is required for survival of E. coli during the stationary phase (77) . A chaperone cum folding catalyst role for SurA has been proposed based on the multiple suppression effects observed with multicopy SurA (57). First, SurA is able to assist the folding of OMPs immediately after export, even in the absence of proper LPS. Second, SurA in multicopy can promote the folding of many otherwise unstable proteins, such as a protein A-␤-lactamase hybrid protein or aggregation-prone proteins like mutant MalE31 and truncated periplasmic AnsB*. Finally, SurA can restore to nearly the wild-type level the E -dependent response otherwise constitutively induced by misfolded proteins accumulating in bacteria simultaneously carrying mutations in htrA and one of the dsb genes. Also, surA mutant bacteria present major defects in the maturation of OMPs and, as a consequence, exhibit sensitivity to detergents (57) . In fact, such mutants are unable to achieve complete folding of the OmpA, OmpF, and LamB proteins as determined by trypsin sensitivity (44) .
A prominent role for Skp/OmpH during OMP folding is based on similar phenotypic defects observed in surA mutant bacteria in terms of the elevated E -dependent response, as well as defects in membranes (57) . It has been recently shown that Skp can bind selectively to certain OMPs, suggesting its chaperone-like role (10) . Given the known highly basic nature of this protein and previous copurification of Skp/OmpH with LPS (22) , it has been proposed that Skp may act as an exchange factor, which helps either to remove or to exchange the original LPS molecule associated with either the monomers or protrimers of OMPs (57; Fig. 4 ). In vivo, this exchange of LPS may trigger the insertion of OMPs into the outer membranes and thereby accelerate their final folded conformation as integrated membrane proteins.
CONCLUSIONS
It seems clear that protein folding is an assisted process, whether it is in the cytoplasm or in the periplasm. Considering the need to maintain a relatively more oxidizing environment in the periplasm, we have seen that E. coli and other gramnegative bacteria synthesize redox proteins like DsbA and DsbB, which act as strong thiol:disulfide oxidants. What has emerged, quite surprisingly, is that the periplasm also contains thiol:disulfide reductases like DsbD and DsbE, which are needed both to maintain a proper redox state for true periplasmic disulfide isomerases like DsbC and for c-type cytochrome maturation. In addition, the periplasm also contains at least three PPIs, RotA, FkpA, and SurA. Of these, SurA, along with another periplasmic protein, Skp, may have, in addition, chaperone-like properties that are essential for outer membrane biogenesis.
